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Efficient, low noise conversion between different colors of light is a necessary tool for interfacing quantum
optical technologies that have different operating wavelengths. Optomechanically mediated wavelength con-
version and amplification is a potential method for realizing this technology, and is demonstrated here in
microdisks fabricated from single crystal diamond–a material that can host a wide range of quantum emit-
ters. Frequency up–conversion is demonstrated with internal conversion efficiency of ∼45% using both narrow
and broadband probe fields, and optomechanical frequency conversion with amplification is demonstrated in
the optical regime for the first time.
The interaction of light and vibration of matter is a
rich area of physics dating to Brillouin and Raman’s
studies of scattering phenomena1,2. With the advent
of quantum mechanics, the concept of vibrational en-
ergy quanta, phonons3, spurred the study of photon–
phonon scattering processes, leading to many technolog-
ical breakthroughs in spectroscopy, medicine, and com-
munications. Photon-phonon interactions are becoming
increasing relevant for solid state quantum technologies,
which utilize phonons for transducing4,5, storing6,7, and
transmitting information8. Cavity optomechanics aims
to enhance coherent phonon-photon interactions through
co–localization of mechanical and optical resonances cou-
pled via radiation pressure or other optical forces9.
These systems provide a platform that could have ap-
plication in a quantum network or quantum internet10,
namely as a phonon mediated way of transducing quan-
tum information from visible or microwave photons to
telecommunication wavelength photons11–13. Phonon
mediated wavelength conversion has been demonstrated
in both optical14–16 and microwave11,17 regimes, and
many current efforts are focused on optical to microwave
transduction18–23.
Recently, nanofabrication advances have enabled ini-
tial investigations of wide electronic bandgap materi-
als such as single–crystal diamond (SCD) for cavity
optomechanics24–26. Diamond does not suffer from non-
linear absorption at telecommunications wavelengths,
which can limit achievable local field strength and cor-
responding optomechanical coupling rates in smaller
bandgap materials such as silicon27,28. A bonus of work-
ing with diamond is that it also hosts highly coherent ar-
tificial atoms such as the nitrogen vacancy (NV) and sili-
con vacancy (SiV) color centers29, which have been used
in demonstrations of quantum memory30,31, quantum
entanglement32,33, quantum teleportation34, loophole-
free Bell’s inequality violation35, and the transfer of
phase information from microwave to optical fields36. Di-
amond cavity optomechanics can in principle interface
these color centers with light and other quantum systems
in new ways12,13. One such application is conversion of
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FIG. 1. (a) Illustration of the system under study. Two mi-
crodisk optical whispering gallery mode resonances at λ1 and
λ2 are coupled to the microdisk’s mechanical radial breath-
ing mode whose frequency is ωm. Schematics illustrating the
cavity density of states, control and probe field detunings for
the case of frequency up– and down–conversion with no am-
plification (b,c), and (d) frequency up–conversion with ampli-
fication.
color center emission to telecommunication wavelengths.
A purely optomechanical approach allows high efficiency
wavelength conversion between any two wavelengths of
a cavity’s mode spectrum14–16,37 for relatively low input
power, negating the need for material dependent nonlin-
ear optical processes38–45. Here we demonstrate optome-
chanical wavelength conversion in a diamond cavity for
the first time, and show that this scheme can be operated
ar
X
iv
:1
90
2.
07
76
3v
2 
 [p
hy
sic
s.o
pti
cs
]  
12
 D
ec
 20
19
2in a regime where the converted signal is optomechani-
cally amplified. We also probe the bandwidth and gain
properties of this process using a novel broadband coher-
ent spectroscopy technique.
Cavity optomechanical wavelength conversion coher-
ently couples two optical cavity modes at frequencies ωo,1
and ωo,2 via their independent optomechanical coupling
to a common cavity mechanical resonance at frequency
ωm. In microdisk cavities, such as the diamond cavity
studied here and illustrated in Fig. 1(a), the optomechan-
ical coupling is created by the radiation pressure force
exerted by optical whispering gallery modes on the mi-
crodisk. This interaction can coherently exchange energy
between optical and mechanical domains when a strong
control laser is input to the cavity at a frequency ωc red-
detuned ∆oc = ωo − ωc = ωm from the cavity mode by
the mechanical resonance frequency. The resulting sys-
tem can be represented by a photon-phonon beamsplit-
ter Hamiltonian9, and has been used to demonstrate op-
tomechanically induced transparency (OMIT) and slow
light46,47 in a variety of devices, including in diamond
microdisks26.
In multimode cavity optomechanical systems, coherent
photon-phonon coupling is harnessed to convert probe
photons input on resonance with a mode at ωo,1 to a
mechanical excitation that is in turn converted to signal
photons resonant with the second cavity mode ωo,2. This
process requires inputting two control lasers, referred to
as write and read fields, to the cavity. Typically both
control lasers are red–detuned by ∆oc = ωm from their re-
spective cavity modes as illustrated in Figs. 1(b,c). This
setup, which has been used in previous optical domain
wavelength conversion demonstrations14–16, can in prin-
ciple be amplified by blue-detuning the read laser from
the cavity (∆oc = −ωm), as shown in Fig. 1(d). This en-
ables low–noise amplification of the converted photons,
as recently demonstrated by Ockeloen-Korppi et al. in
the microwave regime48 and reported below for the first
time in the optical domain. Such two–port amplification
avoids optomechanical self oscillation by balancing op-
tomechanical amplification with damping for the blue–
and red–detuned optical modes, respectively, and unlike
traditional optomechanical amplification49–51 has a fun-
damentally unlimited gain–bandwidth product.
The diamond microdisks used here for wavelength con-
version, an example of which is shown in the scanning
electron micrograph image in Fig. 2(a), support whis-
pering gallery modes with optical quality factor Qo suffi-
ciently high for operation in the resolved sideband regime
of cavity optomechanics. These devices were fabricated
using an optimized reactive ion undercutting process de-
scribed in Ref.52 that results in a smooth diamond mi-
crodisk supported by a thin diamond pillar, and have
higher Qo than those previously used for single-mode di-
amond optomechanics studies26.
All of the measurements presented below involve two
sets of microdisk optical modes widely separated in wave-
length and mutually coupled to the same mechanical ra-
dial breathing mode (RBM) of the microdisk, whose me-
chanical displacement profile is illustrated in Fig. 1(a).
Their optomechanical properties were probed using co-
herent fiber taper optical mode spectroscopy as in pre-
vious work24,26,52 using the apparatus described in more
detail below. Fiber taper transmission spectra for the
two modes are shown in Figs. 2(b,c), revealing resonances
with frequencies ωo,1/2pi = 195 THz (λ1 = 1535 nm)
and ωo,2/2pi = 191 THz (λ2 = 1566 nm), and unloaded
Qio ∼ 1.4× 105 and 2.1× 105, respectively. The doublet
nature of the resonances indicates that they are standing
wave modes53; the red mode of each doublet was used for
all of the measurements described below. The λ1 mode
was found to be TM–like, while the λ2 mode was TE–
like, which is reflected in the different splitting of each
doublet, but is not an essential ingredient for the results
presented here. These modes are used to optomechan-
ically transduce the motion of the microdisk mechani-
cal resonances, with a typical photodetected power spec-
tral density of the thermomechanical motion of the mi-
crodisk’s RBM shown in Fig. 2(d), revealing a resonance
frequency ωm/2pi = 2.27 GHz and mechanical quality
factor Qm = ωm/Γm ∼ 5, 800 in the ambient conditions
used for all of the reported measurements. The device’s
combination of high mechanical frequency and high Qo
places it in the resolved sideband regime κ/ωm ≤ 1, where
κ = ωo/Qo is the total cavity photon decay rate.
The experimental setup used to coherently couple light
at multiple wavelengths to the microdisk’s mechanical
motion is shown in Fig. 3(a). Two independent tunable
diode lasers (Newport TLB-6700) generate the control
fields. An amplitude or phase electro–optic modulator
(EOSpace) driven by a vector network analyzer (Keysight
E5063A) at a swept frequency δωp generates the probe
field by adding sidebands to the ωc,1 or ωc,2 control field,
respectively. An RF switch selects which control laser
will be modulated, determining whether to carry out fre-
quency down- or up–conversion, respectively. The con-
trol field intensities are amplified via an erbium–doped
fiber amplifier (EDFA, Pritel) before being coupled to
the microdisk via the optical fiber taper. The trans-
mitted signal is used for the optical mode spectroscopy
described above, while the reflected signal is routed via
an optical circulator through a tunable band pass filter
(TBF, Optoplex, 100 GHz) that separates the converted
signal and the read control field from the write control
and the input probe fields. The beat note from the con-
verted signal field interfering with the read control field
is then demodulated from the photodetector output by
the vector network analyzer.
To demonstrate wavelength conversion the lasers were
first setup in the standard up-conversion configuration
illustrated in Fig. 1(c): both read and write control
fields red–detuned from their respective cavity modes by
∆oc,1 = ∆oc,2 = ωm, and the write control field weakly
modulated at δωp to generate the probe sideband (wave-
length λ2). The resulting measured beatnote, SC(δωp),
between the up-converted field at λ1 and the read con-
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FIG. 2. (a) Scanning electron micrograph of a diamond microdisk similar to the device under study here (∼ 5 µm diameter).
(b,c) Optical whispering gallery mode resonances used in the frequency conversion process. Intrinsic optical quality factors of
the symmetric (Qis) and anti–symmetric (Q
i
a) doublet modes extracted from fit lineshapes are indicated. (d) Photodetected
power spectral density of the optomechanically transduced thermally driven microdisk RBM motion in ambient pressure and
temperature (Inset: COMSOL simulated mode profile). Measured at input power sufficiently low to not affect the mechanical
resonance dynamics. Mechanical quality factor Qm ∼ 5, 800 is extracted from the fit lineshape.
trol field, is shown in Fig. 3(b). Efficient conversion is
observed when δωp = ωm, i.e. when the probe field is
on-resonance with the cavity mode, and is observed over
a bandwidth defined by the optomechanically broadened
mechanical linewidth.
Calibrating SC and writing it as a wavelength con-
version efficiency requires careful characterization of the
detectors and electronics used in the experiment. In-
stead, following previous reports14,16, we infer an ex-
ternal conversion efficiency ηext = η1η2ηint between λ2
and λ1 from the optomechanical properties of our de-
vice. Here η1 = 13% and η2 = 21% are the experimen-
tally measured waveguide-cavity coupling efficiencies at
wavelengths λ1 and λ2 respectively, extracted by deter-
mining the coupling rate κe between the microdisk stand-
ing wave modes and the forward propagating fiber mode
from fits to the doublet resonances, taking into account
the standing wave modes’ equal coupling to the back-
wards propagating fiber mode. The internal conversion
efficiency, ηint = 4C1C2/(1 + C1 + C2)
2, is determined
solely by the optomechanical cooperativity, Cj , of each
mode λj
14. Here Cj = 4Njg
2
0,j/κjΓm was measured from
the modes’ OMIT dips shown in the insets to Fig. 3(b),
where Nj and g0,j are the respective control field intra-
cavity photon number and the vacuum optomechanical
coupling rate of mode j. These single color OMIT mea-
surements record the beatnote between control field j
in the red detuned configuration (∆ωoc,j = ωm) and its
modulator generated sideband at ωc,j + δωp. Note that
while both control lasers were kept on during this mea-
surement, only one OMIT process was carried out at a
time, by placing the other laser off resonance. By fitting
the OMIT spectra in Fig. 3(b) to the model described in
Supplement 1 we extract C1 ∼ 3.94 and C2 ∼ 1.02, for
N1 ∼ 3.1 × 106 and N2 ∼ 2.2 × 105, respectively, corre-
sponding to ηint ∼ 45%. Here Nj and ∆oc,j were used as
the only fitting parameters where all other required pa-
rameters were measured independently. Measurements
of g0 were performed using the phase tone calibration
method54, giving g0/2pi ∼ 15 kHz and 27 kHz for the
λ1 and λ2 modes, respectively, as described in Supple-
ment 1. Note that the Fano–shape of the λ1 OMIT dip
is related to a non-zero phase imparted by the amplitude
modulator, and the demodulation process of the VNA,
as described in detail in Supplement 1. These measured
values for Cj are consistent with the estimated fiber ta-
per input power for each control field of Pin ∼ 16 mW
and ∼ 3.8 mW.
Increasing ηint could be achieved by operating in the
Cj  1 regime and by matching C1 = C2. For the
diamond cavities studied here, in practice Nj can be in-
creased above 106 until becoming limited by thermal in-
stabilities within the cavity. For example, C ¿ 3.9 is
demonstrated for measurements presented in Supplement
1. In this experiment we were unable to balance C1 and
C2 while maintaining Cj > 1 as the input laser used to
drive λ2 mode was less efficiently amplified in the EDFA.
Combined with greater loss in the system at λ2, this re-
sulted in N2 < N1. The use of a second EDFA with a
gain maximum near λ2 would allow independent control
of N for each mode. Assuming each mode could reach
C ∼ 2, ηint ∼ 64% would be achievable. Finally, the rel-
atively small ηext = 1.23% demonstrated here could be
improved by operating in the over coupled regime, which
requires either higher Qo or improved coupling via, for
example, an external on-chip waveguide. Unfortunately
the ωo,2 mode was outside the range of the TBF, pro-
hibiting measurement of down–conversion for this device.
However, down–conversion was measured using a differ-
ent device, with lower conversion efficiency, as described
in Supplement 1.
These devices are also promising for quantum limited
amplification of the wavelength converted signal field, as
previously demonstrated in the microwave domain48. As
described above and shown in Fig. 1(d), signal amplifica-
tion is achieved by placing the λ1 read control laser blue–
detuned from the cavity, ∆oc,1 = −ωm, while keeping the
λ2 write control laser red–detuned as before, ∆oc,2 = ωm.
This results in what can be thought of as a two step pro-
cess involving a beam–splitter interaction between the λ2
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FIG. 3. (a) Experimental setup used for wavelength conver-
sion and amplification. Phase and amplitude EOM’s driven
by the vector network analyzer (VNA) are used to generate
the probe fields from the control fields where an RF switch
controls which laser to modulate. A 50%/50% waveguide cou-
pler combines the input fields which are coupled to the mi-
crodisk via a dimpled tapered fiber. A tunable band pass
filter (TBF) is used to filter the output of the cavity and the
photodetected signal is analyzed by the VNA. (b) Beat note
between converted photons and control field of the same color
measured on the VNA for frequency up–conversion with and
without amplification. OMIT spectra for the λ2 and λ1 op-
tical modes are shown as insets, where the cooperativity is
extracted from the depth of the OMIT feature. (c) Predicted
added noise to amplified signal based on Eq. 3, and system
parameters, with operating regime circled.
mode and the mechanical mode, and parametric amplifi-
cation between the mechanical mode and the λ1 mode
48.
The converted–amplified signal is detected in the same
fashion as above, where the beat note SAC produced by
the amplified converted light and the read control field
is shown in Fig. 3(b). The frequency and linewidth of
the amplified, SAC , and unamplified, SC, spectra is gov-
erned by the optomechanical damping (Γopt) and optical
spring effect (δωm) induced on the mechanical resonance
dynamics by each control laser. As both control lasers are
red–detuned for SC, its effective mechanical linewidth is
broader and the center frequency is red–shifted compared
to its intrinsic value shown in Fig. 2(d). In contrast,
as described above, for SAC the λ1 laser is blue–detuned
while λ2 is red–detuned. As the photon assisted optome-
chanical coupling rates, Gj = g0,j
√
Nj , are such that
G1 > G2 (G1 = 2pi × 26.4 MHz, G2 = 2pi × 12.5 MHz),
this initially resulted in the microdisk being in the self-
oscillation regime (Γm + Γopt < 0). To obtain the am-
plified spectra in Fig. 3(b) ∆oc,1 was adjusted such that
the device was no longer in the self–oscillation regime,
although a narrowed linewidth and blue–shift of the cen-
ter frequency is still observed due to the imbalance of
G1 and G2. Balancing G1 and G2 was a technical lim-
itation in our experiment, which could be remedied by
using a second EDFA to independently tune G1 and G2,
enabling operation in the large gain–bandwidth product
regime. Ideally, in the low–noise amplification scheme
described in Ref.48 the system should be operated in the
G2 & G1 regime to avoid instabilities associated with
optomechanical self–oscillation.
To characterize the noise properties of the SAC spectrum
we follow the analysis in Ref.48, starting with expected
frequency–converted gain, given by
Ax = 2
(
κe
κ
4G1G2/κ
Γm − 4G2/κ
)
, (1)
where the optical cavity dissipation constants have been
taken to be equal and G
2
= G21 − G22. The adjusted G1
value was determined from the linewidth of SAC where
G2 was held constant, giving G1 ∼ 2pi × 14.1 MHz. For
the operating conditions here, and taking κ = κ2, Eqn. 1
gives Ax ∼ 1.2. For these operating conditions the am-
plifier is not in a low–noise regime as the added noise to
SAC is dominated by the contribution from the mechan-
ical bath, whose equivalent added noise on resonance is
given by Sadd,m/|Ax|2:
Sadd,m =
ΓmκeG
2
1∣∣∣Γmκ/4−G2∣∣∣2
(
nth +
1
2
)
, (2)
where nth ∼ kBT/~ωm is the thermal occupation of the
RBM. For this experiment this results in ∼ 6.52 × 103
added quanta to the SAC spectra. To predict future per-
formance of this system within the context of low–noise
single photon wavelength conversion, we calculate the
added noise to the amplified optical signal in the ideal
high gain (G2 & G1) and large Γopt regime, given by
Sadd =
Γmκ
4G22
κ
κe
(
nth +
1
2
)
+
κi
κe
+
1
2
. (3)
5Here κi = κ − 2κe is the intrinsic cavity photon decay
rate, where the optical decay rates have been taken to be
similar for each cavity. The predicted added noise as a
function of N2 is shown in Fig. 3(c) for the parameters
of the device under study and for various temperatures.
We predict that the minimum added noise of ∼ 2 quanta,
limited by the coupling efficiency achieved here, can be
approached forN2 ∼ 1×106 at 10 mK andN2 ∼ 1×108 at
4 K for this device, provided that operation in the (G2 &
G1) regime is enabled by overcoming technical limitations
in our experiment. Furthermore, amplification at the
SQL of 1/2 quanta could be possible by improving the
coupling to the device such that κe  κi.
To further characterize the converted amplified signal
we used a broadband (compared to κ) RF noise source to
drive the phase modulator generating the OMIT probe
field, similar to the approach described in Ref.55. Here an
arbitrary waveform generator (AWG:Tektronix 70002A)
outputting a pseudo Gaussian white noise signal with
a sampling rate and length of 25 GS/s and 2 GS, re-
spectively, drove the RF input of the phase EOM (20
GHz bandwidth) to create a broadband optical probe
field from the write field control laser. When the control
laser is tuned to ∆ωoc,2 = ωm, observation of both OMIT
and wavelength conversion on a real time spectrum an-
alyzer (Tektronix RSA5106B) is possible. Figure 4(a)
shows the measured probe field’s power spectral density,
revealing the cavity response for frequency components
of the probe that do not coherently drive the mechanics,
which in these measurements is the broad peak in the de-
modulator signal with a line width of κ/2pi = 1.4 GHz,
and an OMIT dip at δωp = ωm, i.e. where the OMIT con-
dition is satisfied. This demonstrates a straightforward
method for measuring OMIT and the cavity response si-
multaneously in frequency space.
Wavelength conversion of the λ2 broadband probe gen-
erated by the RF noise source, in both the unamplified
and amplified configurations, measured in reflection, is
shown in Figs. 4(b) and 4(c) respectively. The plots
in Figs. 4(b) and 4(c) show the detected power spec-
tral density of the converted signal at λ1 (blue trace)
compared for reference with the corresponding measure-
ment when the λ2 probe is off (orange trace) so that the
detected spectrum is derived entirely from the optome-
chanically modified motion of the microdisk due to the
λ1 and λ2 control fields. As above, when both control
lasers are red–detuned in Fig. 4(b) , the effective me-
chanical linewidth is broader and the center frequency is
red–shifted compared to its intrinsic value (purple trace),
which was measured at low power with a single optical
mode to avoid optomechanical back action. In the am-
plified conversion case shown in Fig. 4(c) the linewidth is
slightly narrowed and shifted to higher frequency due to
the fact that G1 > G2. In principle this technique could
be utilized in balancing Gj by adjusting Nj such that
the linewidth of the observed spectra with the broadband
probe off is equal to the intrinsic linewidth observed in
the absence of the strong control fields. Here the ratio
of the amplified to unamplified peak height is ∼ 2.4×
larger than what was observed for the coherently driven
case in Fig. 3(b). While the control field input power
of each mode was held constant between these measure-
ments, ∆oc,1 and ∆oc,2 were manually set for each case,
which could account for this discrepancy.
The converted signal power in both amplified and un-
amplified cases can be computed directly from the area
under the spectrum. When the probe is off we see the
added noise from the thermally driven signal level that
would have to be overcome by increasing Cj to allow op-
eration at the single–photon level. We estimate the gain
utilizing measurement of the cavity transmission profile
of the λ2 mode on the RSA utilizing the broadband probe
and the data in Figs. 4(c) as outlined in the Supplemen-
tary Material. Using this method we estimate a gain of
Ax, exp ≤ 3.2, which combined with the total linewidth,
Γtot = Γm + Γopt = 2pi × 5.8 kHz give a gain–bandwidth
product, GBW ≤ 19 kHz. Possible explanations for the
mismatch of Ax and Ax, exp include the approximation of
similar κ and κe for each optical mode in calculating Ax,
uncertainty in the measured optical output power from
the cavity, and variation in ∆oc,1 and ∆oc,2, as men-
tioned above. With the data available a measurement of
the added noise to the converted signal was not possible,
however the thermal component is expected to dominate,
as discussed above. To compare the amplified vs. unam-
plified wavelength conversion, where we have defined the
signal ratio, as the difference in integrated power with
the broadband probe field on and off, to isolate the con-
verted signal from the thermal component, which is then
divided by the off–resonant noise floor. We find that the
amplified conversion signal is 1.62 × larger than without
amplification, for the same input broadband probe. With
calibration of the probe spectrum, this broadband probe
technique could also be used to determine the conversion
efficiency, similar to what has been suggested by Liu et
al. in Ref.16 where a coherent drive and RSA were used
to characterize the converted signal.
In summary, we have demonstrated a diamond cav-
ity optomechanical system capable of phonon–mediated
wavelength conversion with an internal conversion effi-
ciency of ∼ 45%. While we were limited by an imbalance
of G1 and G2, and κe < κ in this experiment, opera-
tion in the stable, high-gain regime G2 & G1 should be
possible by utilizing a second EDFA to allow separate
control of G1 and G2, and improving waveguide–cavity
coupling would enable Ax  1. To the best of our knowl-
edge, this is also the first demonstration of optomechan-
ical amplification, albeit not operating in the low–noise
regime, of the converted light in the optical domain. In
this configuration this system has promise for reaching
a minimum added noise of ∼ 2 quanta during the am-
plification process by operating at larger photon num-
ber and with G2 & G1. This device can in principle
operate at the standard quantum limit (SQL) where a
minimum of half an energy quanta of noise is added to
the signal by improving the waveguide–cavity coupling
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FIG. 4. Measurement of OMIT and wavelength conversion
via the RSA. (a) Broadband and narrowband (inset) spec-
trum showing the cavity response and the OMIT feature at
ωm/2pi when a phase EOM is driven with a broadband RF
noise source for the device shown in Supplement 1. (b,c)
Wavelength conversion for the same device in Fig. 3 without
(b) and with (c) amplification as measured on the RSA, with
the noisy broadband probe (B.P.) field. The thermal motion
of the RBM is also shown, which was measured at low power
with a single laser to avoid optomechanical back action. Here
the noise floor is set by the photodetector whose noise equiv-
alent power, NEP = 33pW/
√
Hz.
efficiency, and has immediate practical use in increasing
signal to noise when measuring quantum optomechanical
effects56. In addition, use of a broadband noisy optical
probe field was introduced for both OMIT and wave-
length conversion. Finally, as previous studies in these
structures24 have demonstrated the existence of high-Qo
optical modes at ∼ 738 nm and ∼ 637 nm, near the zero
phonon lines of SiV and NV color centers respectively,
these devices have potential as a converter of diamond
color center emission to telecommunications wavelengths
for application in quantum networks.
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1SUPPLEMENTARY INFORMATION
1. ELECTRO–OPTIC MODULATION MODEL
When modelling the predicted output spectra of the
optomechanical cavities studied in this work the details
of how the probe fields are generated are vital, due to
the sensitivity of the cavity to both phase and amplitude
fluctuations. A variety of constructions exist for imple-
menting an optical phase or amplitude modulator. The
LiNbO3 electro–optic modulators (EOM) utilized in this
work were purchased from EOSpace where the amplitude
modulator used is Z–cut (pre–chirp) with an alpha chirp
parameter of αchirp ∼ 0.6 − 0.8. In practice this results
in both amplitude and phase modulation which must be
taken into account when considering the optical trans-
mission and reflection by the optical cavity.
A phasor picture can prove useful when visualizing the
differences between pure phase and amplitude modula-
tion as illustrated in the attached animations (Supple-
ment 2 & 3), where inspiration was taken from Ref.S1.
Here a frame rotating with the carrier frequency is used
such that the electric field vector appears stationary. We
observe from this animation that for pure phase modula-
tion the generated sidebands are out of phase when re–
phasing in the real plane leading to no amplitude modu-
lation, while for the pure amplitude modulation case they
are pi out of phase when re–phasing in the real plane. In
practice our amplitude modulator does not provide pure
amplitude modulation. To account for this, we allow the
phase of the carrier to be a variable dependent on the
type of EOM used to develop a model capable of de-
scribing an EOM operating between the pure amplitude
and phase modulation regime. First we describe optical
field amplitude generated by the EOM and then input to
the cavity αin as:
αin = α
(
eiφ +
β
2
eiωt +
β
2
e−iωt
)
, (S1)
where α is the carrier optical field amplitude, β is the
modulation index, and ω is the modulation frequency.
When φ = 0±npi the field for a pure amplitude modulator
is described and for φ = pi/2±npi a pure phase modulator.
To use this model to predict the observed cavity output
spectra in this work we begin by writing the input optical
field frequency components as α0in = αe
iφ, α+in =
αβ
2 e
−iωt,
and α−in =
αβ
2 e
iωt. Then the cavity transmission and
reflection amplitudes are given by:
tout = t
+
out + t
0
out + t
−
out (S2)
and
rout = r
+
out + r
0
out + r
−
out (S3)
where
t+out = t
+α+in (S4)
t0out = t
0α0in
t−out = t
−α−in
and
r+out = r
+α+in (S5)
r0out = r
0α0in
r−out = r
−α−in.
Here the terms (t+, t0, t−) and (r+, r0, r−) describe the
cavity transmission or reflection amplitude, respectively,
as seen by each frequency component of the input field,
defined as follows. We now consider the power mea-
sured by the photodetector in transmission and reflec-
tion, |tout|2 = t∗outtout, and |rout|2 = r∗outrout:
|tout|2 = |t0|2|α0in|2 + t0∗t+α0∗in α+in + t0t−∗α0inα−∗in + c.c
(S6)
and
|rout|2 = |r0|2|α0in|2 + r0∗r+α0∗in α+in + r0r−∗α0inα−∗in + c.c,
(S7)
where we have neglected terms that are of O(β2). Sub-
stituting our expressions for the input fields gives:
|tout|2 = |t0|2α2 + α2 β
2
[t0∗t+e−iφ + t0t−∗eiφ]e−iωt
+ α2
β
2
[t0t+∗eiφ + t0∗t−e−iφ]eiωt (S8)
and
|rout|2 = |r0|2α2 + α2 β
2
[r0∗r+e−iφ + r0r−∗eiφ]e−iωt
+ α2
β
2
[r0r+∗eiφ + r0∗r−e−iφ]eiωt. (S9)
In general the above may be written as
|tout|2 = |t0|2α2 + α2β|A| cos(ωt− arg{A}) (S10)
and
|rout|2 = |r0|2α2 + α2β|B| cos(ωt− arg{B}), (S11)
where
A = (t0∗t+e−iφ + t0t−∗eiφ) (S12)
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FIG. S1. Model for reflection and transmission spectra as a function of probe field detuning, ∆pc and sideband phase parameter
φ for a red–detuned control field with ∆oc = ωm, Qm = 5000, G = 4.78 MHz, κe = 0.25 · κ, and varying sideband resolution
shown in the legend.
and
B = (r0∗r+e−iφ + r0r−∗eiφ). (S13)
The measured vector network analyzer (VNA) signal
for the phase and amplitude quadrature are modeled by
arg{A} (arg{B}) and |A| (|B|), respectively, for trans-
mission (reflection) by the cavity. Additionally, by se-
lecting the proper value of φ the response for a phase
EOM, amplitude EOM, or mixture of both may be mod-
elled. The bare cavity transmission amplitude t0(∆oc) is
given by:
t0(∆oc) = 1− κe/2
i(∆oc) + κ/2
(S14)
and for a red–detuned control field, the sideband trans-
mission amplitudes as a function of ∆pc are given by:
t±(±∆pc) = 1− κe/2
i(∆oc − (±∆pc)) + κ/2 + Ng
2
0
i(ωm−(±∆pc))+Γm/2
.
(S15)
In the main text the reflected amplitude measured on
the VNA is fit to |B| by taking r = 1− t, and substitut-
ing Eqns. S14 and S15 into Eqn. S13, and choosing the
appropriate value of φ depending on the EOM used. In
order to determine φ for the amplitude EOM used in this
work the phase difference (2θ) between the sidebands was
determined from the chirp parameter, αchirp, as:
tanθ ≈ αchirpcot
(ϕ
2
)
(S16)
assuming a small–modulation amplitude (β  1), where
ϕ is the constant phase delay between the two interfer-
ometer arms, and ϕ = pi/2 when biased at quadratureS2.
Through fitting the OMIT spectra obtained with the am-
plitude EOM in both the main text and in the following
section, αchirp ∼ 0.70 was found to provide the best fit;
this value is within the bounds provided by the manufac-
turer.
For reference, the behavior of the model described
above is shown in Fig. S1 for various φ and degree
to which the system is sideband resolved. In particu-
lar it can be seen that for a non–pure amplitude mod-
ulator the observed VNA transmission spectra, A¯ =
|A|/max(|A|) can a resemble that of the reflection spec-
tra, B¯ = |B|/max(|B|).
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FIG. S2. (a) Experimental setup used for frequency up– and down–conversion. Phase and amplitude EOM’s driven by the
vector network analyzer (VNA) are used to generate the probe fields from the control fields where an RF switch controls which
laser to modulate. A 50%/50% waveguide coupler combines the input fields which are coupled to the microdisk via a dimpled
tapered fiber. A 1510/1550 WDM is used to filter the output of the cavity and the photodetected signal is analyzed by the
VNA. (b,c) Optical whispering gallery mode resonances used in frequency conversion process. Intrinsic optical quality factors
for the symmetric and anti–symmetric doublet modes labelled. (d,e) Beat note between converted photons and control field of
the same color measured on the VNA for frequency up– and down– conversion respectively. (f,g) OMIT spectra for the λ1 and
λ2 optical modes, respectively, where the cooperativity is extracted from fitting the OMIT lineshape.
2. WAVELENGTH UP– AND DOWN–CONVERSION
For completeness, a demonstration of wavelength up–
and down– conversion in the same device is presented
here with an alternative microdisk on the same single–
crystal diamond substrate as presented in the main text.
This device exhibited two high-Q optical modes that were
within the operating range of a 1510/1550 nm wavelength
division multiplexer (Montclair MFT-MC-51) which al-
lowed the filtering of each mode from the fiber taper
transmission, which we were unable to do with the de-
vice studied in the main text. Contrary to the measure-
ment presented in the main text this device was mea-
sured in transmission instead of reflection, as outlined in
Fig. S2(a). Here two optical modes at λ1 = 1520 nm
and λ2 = 1560 nm, as shown in Fig. S2(b,c), were cou-
pled to the fundamental radial breathing mode (RBM)
at ωm/2pi = 2.135 GHz, with Qm ∼ 7, 500, for a sim-
ilarly sized microdisk as studied in the main text. The
measurement of both the up– and down–converted signal
with the vector network analyzer is shown in Fig. S2(d,e).
During this measurement symmetric or red mode of the
λ1 doublet was used such that the blue sideband of the
EOM was off-resonance. However, the anti–symmetric
or blue mode of the λ2 doublet was used in the conver-
sion process due it’s the higher optical–Q. When setting
up the experiment, balancing C for each mode was per-
formed by maximizing the contrast of each OMIT win-
dow, while attempting to reach C1 = C2 > 1. How-
ever, the relatively small splitting of this doublet led to
a modification to the OMIT window spectral profile, due
to participation of the red mode of the doublet, result-
ing in lower C than expected based on the depth of the
OMIT feature alone, and an overall low conversion effi-
ciency due to the mismatch of C1 and C2. To account for
this contribution the transmission amplitude for the blue
sideband, t−(−∆pc), for an optical doublet was included
as
t−(−∆pc) = 1−
√
κe/2(as(−∆pc) + aa(−∆pc)), (S17)
where
as,a(−∆pc) = −
√
κe/2
−κs,a/2 + i((∆oc − (−∆pc))± κbs/2)
(S18)
are the symmetric (as) and anti-symmetric (aa) combina-
tions of the degenerate clockwise and counter–clockwise
propagating travelling wave modes of the microdiskS3.
Here κbs is the backscattering rate between each mode,
and κe is taken to be equal for each doublet.
The OMIT spectrum obtained with the phase EOM
shown in Fig. S2(f) was fit by including both side bands
(t±(±∆pc) where a small phase delay (< 5◦) in sidebands
was included to obtain good agreement with the spectra.
In order to fit the OMIT spectrum obtained with the am-
plitude EOM shown in Fig. S2(g) both the inclusion of
the chirp induced sideband phase difference (2θ ∼ 70◦)
and the doublet transmission profile for (t−(−∆pc) were
4included. While the quality of this fit is inferior com-
pared to the other OMIT fits, the inclusion of the doublet
transmission profile reproduces the sharp, large contrast
OMIT feature that in reality has C < 1. This results in
C1 ∼ 3.92, C2 ∼ 0.34, and ηint ∼ 15%, for η1,2 ∼ 19%,
resulting in ηext = 0.55% for the device studied here.
The fiber taper input power, Pin, was ∼ 17 mW and ∼
4.2 mW, respectively, corresponding to N1 ∼ 7.0 × 105
and N2 ∼ 9.0 × 104 for λ1 and λ2. Through the use
of an additional EDFA it should be possible to reach
C1 = C2 > 1, through independent control of N for each
mode; assuming that both modes could reach C ∼ 2
would give ηint ∼ 64%.
3. OPTOMECHANICAL COUPLING CALIBRATION
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FIG. S3. Phase tone calibration measurements for λ1 (a),
and λ2(b) modes coupled to the fundamental RBM. Note that
when computing the areas the PSD in units of mW/Hz was
used.
To estimate the vacuum optomechanical coupling rate
of the λ1 and λ2 optical modes studied in the main text
to the fundamental RBM the frequency noise method
developed by Gorodetksy et al., which is now widely
used in cavity optomechanicsS4,S5,S57 was utilized. Here
we compare the power spectral densities resulting from
the thermomechanical cavity frequency fluctuations and
a calibration tone generated with a phase modulator
(EOSpace). By placing the frequency of the calibration
tone, ωcal, close to the mechanical frequency, ωm, the
transduction coefficients can be approximated as being
equal, and g0 can be calculated as
g0 =
βωcal
2
√
1
nth
Smech(ωm)
Scal(ωcal)
. (S19)
Here β = (Vp/Vpi)pi is the modulation index of the phase
modulator, where Vp is the amplitude of the driving
RF signal, and Vpi is the modulators half wave voltage;
nth = kBT/~ωm is the thermal occupation of the me-
chanical mode, and Scal(ωcal), Smech(ωmech) are the in-
tegrated powers in the calibration tone and mechanical
mode response, obtained from the power spectral density
measured on the real time spectrum analyzer in Fig. S3.
4. CONVERSION GAIN ESTIMATION
Here we present an experimental estimation of the
amplified wavelength conversion gain, Ax, exp using the
broadband probe and RSA measurement technique dis-
cussed in the main text. In addition to the data shown in
Fig. 4(c) of the main text, a measurement of the cavity
reflection and OMIT for the λ2 mode is utilized, as shown
in Fig. S4(a). We define the estimated amplification con-
version gain, Ax,exp, as the ratio of output converted sig-
nal power Pout = α
2
λ1,conv
to the input signal power to be
converted, Pin = α
2
λ2
β2/4 where αλ2 is the control field
amplitude for the λ2 mode, and β is the modulation index
of the phase modulator driven by the arbitrary waveform
generator. Following the methodology described in Sec-
tion 1 the signal, S2, or optical power, reflected by the
cavity for the OMIT measurement of the λ2 mode is
S2 = α
2
λ2β|B|, (S20)
where B is defined in Eqn. S13, and φ = pi/2. We then
assume that the off resonant sideband reflection coeffi-
cient passes unaffected by the cavity (r− = 0) to write
S2 = α
2
λ2β|r+λ2 ||r0λ2 |, (S21)
where the λ2 subscripts have been added to the reflection
coefficients to avoid confusion with the λ1 mode. For the
converted signal, S1, as measured via the λ1 mode, we
take:
r+out = 0 (S22)
r0out = r
0αλ1
r−out = αλ1,conve
−i(−ωm+ω)t
where αλ1 is the control field amplitude for the λ1 mode,
which results in
S1 = 2|r0λ1 |αλ1αλ1,conv , (S23)
which allows us to write the gain as
Ax,exp =
Pout
Pin
=
α2λ2 |r0λ2 |2
α2λ1 |r0λ1 |2
(
S1
S2
)2
|r+λ2 |2. (S24)
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FIG. S4. Estimation of amplified wavelength conversion gain, Ax, exp utilizing the broadband probe (B.P.) measurement
technique. (a) Measurement of cavity reflection and OMIT when the B.P. is on and transduction of the mechanical motion
when the B.P. is off, where the λ1 mode was placed off-resonance for this measurement. We define S2 as the difference between
the maximum of the cavity reflection profile (B.P. on) and the noise floor (B.P. off) which is measured slightly off–resonance
to avoid the OMIT feature. (b) Amplified conversion measurement where we define S2 as the difference between the B.P. on
and off measurement to isolate the wavelength converted signal from the thermal component (B.P. off). (c) Conversion gain
calculated as a function of frequency where a maximum gain of Ax, exp = 3.2 is found, resulting in a GBW = 19 kHz.
We can then evaluate Eqn. S24 based on the power we
measure at the output of the cavity, the signals we mea-
sure on the RSA which are proportional to S21 and S
2
2 ,
and the reflection coefficient for the upper sideband input
to the λ2 mode, r
+
λ2
. To evaluate Eqn. S24 we start by
taking advantage of the fact that κ  γm such that r+λ2
is flat in the narrow spectral domain about the OMIT
feature and set r+λ2 = κe/κ, where we are approximating
the on–resonance cavity reflection by measuring S2 as
shown in Fig. S4(a). As the probe is derived from the λ2
control field we are forced to measure the cavity reflec-
tion slightly detuned to avoid the OMIT feature in Fig.
S4(a); this measurement is valid up to a constant which
characterizes the electronic response of the photodetec-
tor. By assuming that the response of the photodetector
is similar at both λ1 and λ2 this will be normalized out
when computing Ax,exp. We define S1 as the difference in
the measured amplified signal with the broadband probe
(B.P.) on and off as shown in Fig. S4(b), which again
ignores the photodetector response. The optical power
measured at the output of the cavity for each mode is
α2λ1 |r0λ1 |2 = 16.0 mW and α2λ2 |r0λ2 |2 = 3.8 mW. The sig-
nals in Fig. S4(b) were each fit to a Lorentzian which
were then used to calculate Ax, exp as a function of fre-
quency, as shown in Fig. S4(c). This gives a maximum
gain of Ax,exp = 3.2, and bandwidth of 5.8 kHz, resulting
in a gain bandwidth product, GBW = 19 kHz.
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